In this letter, single-and double-gate (SG and DG) planar junctionless (JL) thin-film transistors fabricated via a simple process with an in situ-doped active layer is discussed. The DG structure demonstrated a superior subthreshold swing of 160 mV/dec and a lower off-current of 1.3 ' 10 %13 A than those of 329 mV/dec and 2.1 ' 10 %12 A for the SG structure, respectively. It contributes to the enhancement of the gate controllability and ultrathin channel. Consequently, the simple fabrication process of the DG JL device is suitable for future application on system-on-panel and threedimensional integrated circuits.
Polycrystalline silicon thin-film transistors (poly-Si TFTs) have been successfully used in active-matrix organic lightemitting displays (AMOLEDs) and attract considerable interest for system-on-panel (SOP) and three-dimensional integrated circuit (3D IC) applications owing to their prominent mobility performance. [1] [2] [3] [4] [5] [6] [7] [8] However, scaling down the conventional planar transistors to realize the high-speed operation is excessively challenging as the dimensions of devices are shrunk toward the nanometer region. The electric field lines from source and drain would significantly encroach the channel region with the reduction in gate length, giving rise to a remarkable increase in short-channel effects. 9, 10) Moreover, the thermal budget of dopant activation is a big challenge in fabricating nanoscale devices. 11, 12) Recently, a nanowire transistor without junctions, called the junctionless (JL) transistor, has been demonstrated on the silicon-on-insulator wafer. [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] The device structure of the JL transistor is directly descended from the conventional FinFET by homogeneous doping of silicon nanowire. The tremendous advantages of JL devices include good control of short-channel effect, immunity from the ultrashallow junction formation and therefore elimination of highly expensive annealing equipment, suppression of the mobility degradation from surface roughness scattering, and repression of the intrinsic delay time by increasing the doping concentration. These excellent features would permit a much greater scaling down of the MOSFET. However, the JL devices are very sensitive to the channel size, the channel size of JL devices has to be very small and show good uniformity. [25] [26] [27] Therefore, the channels of planar JL devices should be ultrathin.
However, achieving high performance by scaling down the channel size has many process challenges, such as precise control of etching back, ability of deposition of ultrathin film, or deposition uniformity. In this work, we propose a doublegate structure via in situ phosphorous-doped poly-Si deposition processes by low-pressure chemical vapor deposition (LPCVD) to enhance the feasibility of JL TFTs. [28] [29] [30] Following the transfer characteristics and simulation results, single-and double-gate (SG and DG) JL TFT devices are discussed and proposed.
Figures 1(a)-1(f ) show the process flow schematic of the DG JL TFTs. Initially, an in situ phosphorous-doped polycrystalline silicon of 200 nm thickness was deposited using an LPCVD system on the oxided silicon wafer. Then, the patterned bottom gate was transferred using the RIE system [ Fig. 1(a) ]. Next, a tetraethylorthosilicate (TEOS) bottomgate oxide of 10 nm thickness, in situ phosphorous-doped poly-Si n-type channel of 10 nm thickness, and TEOS topgate oxide of 10 nm thickness were sequentially deposited by LPCVD, and then the active region was patterned [ Fig. 1(b) ]. Subsequently, to form a top-gate electrode, an in situ phosphorous-doped poly-Si of 200 nm thickness was deposited and then patterned, as shown in Fig. 1(c) . Before finishing the JL devices, the source and drain regions have to have larger thickness to reduce the series resistance. However, the source/drain (S/D) region should avoid contact with the top-gate electrode; hence, the S/D and top-gate regions should be separated. Silicon nitride (Si 3 N 4 ) of 300 nm thickness was deposited and etched by RIE, and the sidewall spacer of Si 3 N 4 was used to separate the top gate and S/D regions [ Fig. 1(d) ]. Then, we increased the thickness of the S/D region to reduce the series resistance; hence, an in situ phosphorous-doped poly-Si of 200 nm thickness was deposited [ Fig. 1(e) ]. After a passivation oxide layer was deposited, the contact hole opening and metallization were completed to fabricate the proposed DG JL TFTs. We also fabricated SG JL TFTs without a bottom gate process, as shown in Fig. 1(f ) .
After SG and DG device formation, a semiconductor parameter analyzer (Agilent 4156C Technologies) and a probe station were used to measure the current-voltage (I-V) characteristics. Analytical field-emission transmission electron microscopy (TEM; JEM-2100F) was employed to analyze the device structure and identify the channel thickness of fabricated devices. The samples for cross- Figure 2 shows the cross-sectional TEM image of the DG JL TFT. It can be seen that the thickness of the top-gate oxide, bottom-gate oxide, and device channel is about 10 nm and very uniform.
Typical transfer and output characteristics of the DG JL device for W = L = 1 µm are shown in Figs. 3(a) and 3(b) , respectively. For comparison, Fig. 4 shows the transfer characteristics of the SG and DG JL TFTs. Obviously, the DG JL TFT has better electrical transfer characteristics than the SG JL one. Table I shows a summary of the several important parameters of the device characteristics of SG and DG JL TFTs. The subthreshold swing is extracted from the linear region at V ds = 0.1 V, and the on/off current ratio is defined at V ds = 1 V. The threshold voltage is defined according to the normalized drain current of I ds = (L/W) © 10 ¹8 at V ds = 0.1 V. The DG JL device achieved a better threshold voltage of ¹1.56 V, a lower subthreshold swing of 160 mV/dec, and a higher on/off current ratio of 1.1 © 10 7 , whereas the SG one showed a poorer threshold voltage of ¹2.14 V, a larger subthreshold swing of 329 mV/dec, and a smaller on/off ratio of 1.4 © 10
5
. The DG structure demonstrated the enhanced gate controllability at the same channel thickness with the SG one. Therefore, the DG device could completely deplete the carriers at the depletion region without a thinner channel, similarly to the SG device. Consequently, the DG device displayed a lower off-current than the SG one.
However, the off-current leakage of the DG JL TFT increased with increasing negative gate bias, which contributes to the corner effect of the bottom-gate structure. Figure 5 shows the cross-sectional diagram of the DG device and the TEM image of the material sample without patterning the top gate. It can be seen that a corner exists in the structure caused by the bottom gate. The corner structure enhanced the electrical field, and hence, the carriers were easy to pass through the 10-nm-thick bottom TEOS gate oxide when the negative gate voltage was increased. Consequently, the leakage of the DG structure was increased with increasing negative gate voltage. Figure 6 shows the simulation of electron densities with SG and DG structures at different gate voltages. Since the JL devices generally have a highly doped channel, the JL devices operate as a depletion-mode device. First, in the depletion region (V g < V th ), the carriers were depleted by the electrical field from negative gate bias. The channel electron density of the DG structure was lower than that of SG ones; the experiment results also show that the off-current of the DG structure is one order lower than that of the SG structure. Although the sidewall channels did not cover the top gate, the DG devices also showed better electrical characteristics than the SG ones, such as a steeper subthreshold swing and a lower off-current. It contributes to the better gate controllability and higher conduction current. In the case of the SG structure, fewer carriers formed near the top-gate channel but more carriers formed away from the top-gate channel in the subthreshold region (V g > V th ). While the opposite spatial carrier distribution was formed in the DG structure, more carriers formed near the top-and bottom-gate channels. Thus, the DG device exhibited a steeper subthreshold swing (160 mV/dec) than the SG one (329 mV/dec). For this reason, the DG structure was more able to accomplish the purpose of enhancing the controllability of the JL devices at the same channel thickness, and it also eliminated the issues of ultrathin thickness and uniformity. In the end, when the gate voltage was larger than the flat-band voltage, the accumulated carriers were increased at the channel surface. The simulation result of the DG JL devices shows that they could induce more carriers than the SG ones at the accumulation region. As an experiment result, the DG devices achieved a lower off-current (1.3 © 10 ¹13 A) than the SG ones (2.1 © 10 ¹12 A). Consequently, the DG JL device exhibited large on-current and on/off current ratio.
SG and DG planar JL TFTs have been successfully fabricated via a simple process with in situ-doped polycrystalline silicon by LPCVD. The DG JL TFT enhanced the gate controllability; hence, the electrical characteristic exhibited a superior subthreshold swing of 160 mV/dec, which is lower than 329 mV/dec for SG ones. Following the simulation result, the channel electron density of the DG structure was lower than that of the SG structure at the depletion region (V g < V th ), and the DG structure could induce more carriers at the channel interface at the accumulation region (V g º V FB ). Therefore, the DG structure achieved a higher on/off current ratio (1.1 © 10 7 ) than the SG ones (1. 4 © 10 5 ). Consequently, the DG structure eliminated the problem of channel thickness and improved the device performance. These indicate that the proposed DG JL TFTs are promising for application in SOP and 3D-ICs.
